Introduction {#jmp12125-sec-0005}
============

Rhesus (*Macaca mulata*) and cynomolgus (*Macaca fascicularis*) macaques are the most common and best‐studied non‐human primate (NHP) animal models, including for AIDS research. As the rhesus macaque genome sequence first became available in 2007 [1](#jmp12125-bib-0001){ref-type="ref"}, several draft macaque genomes have been published [2](#jmp12125-bib-0002){ref-type="ref"}, [3](#jmp12125-bib-0003){ref-type="ref"}. However, due to the lack of extensive species‐specific transcriptional data, the annotation of macaque genomes has heavily relied on sequence homology‐based strategies, usually referenced against available human annotation [1](#jmp12125-bib-0001){ref-type="ref"}, [2](#jmp12125-bib-0002){ref-type="ref"}, [3](#jmp12125-bib-0003){ref-type="ref"}. These human‐centric and largely automated approaches have been successful in annotating the core set of well‐conserved protein‐coding transcripts, but much less efficient for annotating the complex alternatively spliced isoforms and less‐conserved non‐coding RNAs (ncRNAs).

One of the reasons for the lack of NHP‐specific transcriptional data is that historically the gold standard method for transcript discovery has been cDNA sequencing (by Sanger technology), a high‐cost and labor‐insensitive effort. Fortunately, this barrier has been largely removed with the emergence of transcriptome deep sequencing (RNAseq) [4](#jmp12125-bib-0004){ref-type="ref"}. RNAseq has enabled the discovery of tens of thousands of unknown transcripts in mammalian transcriptomes, as exemplified by the huge number of novel isoforms and ncRNAs recently uncovered in the human transcriptome by the ENCODE project [5](#jmp12125-bib-0005){ref-type="ref"}. To assist NHP genome annotation, we produced large‐scale RNAseq data for each of fifteen NHP species [6](#jmp12125-bib-0006){ref-type="ref"} and fully released the raw sequencing data through the Nonhuman Primate Reference Transcriptome Resource (NHPRTR) website (<http://nhprtr.org>).

Here, using this collection of deep RNAseq data, we report a comprehensive assessment and improvement of annotations of Indian‐origin rhesus and Mauritian‐origin cynomolgus macaque genomes. For both macaque species, we reconstructed thousands of novel isoforms for annotated genes and thousands of un‐annotated intergenic transcripts which are enriched with non‐coding RNAs from RNAseq analysis of mature mRNAs. We *de novo* assembled sequencing reads which were not aligned to the reference genomes and found that many of the assembled transcript contigs corresponded to macaque transcripts 'missing' from current macaque genome assemblies. In addition, we discovered un‐annotated non‐polyadenylated intergenic transcripts exclusively from RNAseq analysis of total RNAs. We used this set of new annotation to analyze RNAseq data collected from macaque virus infection studies and show that a large number of newly identified transcripts were differentially expressed during SIV infection of rhesus macaques or during Ebola virus infection of cynomolgus macaques. Together, these results demonstrate the biological relevance of newly identified transcripts and the importance of improving macaque annotations.

Materials and methods {#jmp12125-sec-0006}
=====================

mRNAseq data preprocessing and mapping {#jmp12125-sec-0007}
--------------------------------------

We trimmed adaptor sequences from mRNAseq raw sequencing reads using FAR (<http://sourceforge.net/projects/theflexibleadap/>), and we then used Bowtie [7](#jmp12125-bib-0007){ref-type="ref"} to align trimmed reads to a custom collection of mammalian ribosomal RNA sequences (rRNA) and remove reads from residual rRNAs. Next we mapped remaining reads to the corresponding macaque reference genome assemblies (rhesus: rheMac2 in UCSC, cynomolgus: FR874244‐FR874264 in ENA). To speed up this read mapping step, we first aligned the cleaned reads to the reference genome using the fast mapper Bowtie. Then we aligned the remaining unmapped reads to the same reference genomes using the sensitive gapped aligner GSNAP [8](#jmp12125-bib-0008){ref-type="ref"}, which detects reads spanning splicing junctions. GSNAP also allows short insertions and deletions, which covers both genetic variations and potential errors in the reference genome assembly.

Reference‐based transcript assembly and filtering against reference annotation {#jmp12125-sec-0008}
------------------------------------------------------------------------------

Using the mRNAseq reads mapped to reference genomes, we used cufflinks [9](#jmp12125-bib-0009){ref-type="ref"} to *ab initio* assemble macaque transcripts independent of reference annotations. We compared the reconstructed macaque transcripts against reference annotations to identify novel splicing isoforms (class code 'j' assigned by cuffcompare) for reference‐annotated genes (Ensembl version 70 for rhesus and [2](#jmp12125-bib-0002){ref-type="ref"} for cynomolgus macaque) and un‐annotated intergenic transcripts (class code 'u' assigned by cuffcompare) using cuffcompare [9](#jmp12125-bib-0009){ref-type="ref"}. We further removed those macaque transcripts which: (i) had no introns to minimize potential un‐processed transcripts or DNA contaminants, (ii) were too short (total exonic length \<200 nt), (iii) likely partial (the length of first or last exon was \<100 nt), (iv) spanned two or more reference‐annotated genes to minimize potentially mis‐assembled transcripts, or (v) were inside introns of another newly reconstructed transcript. The coding potential of all newly identified transcripts was calculated using CPAT [10](#jmp12125-bib-0010){ref-type="ref"}.

*De novo* assembly of un‐mapped mRNAseq reads and alignment of assembled transcript contigs {#jmp12125-sec-0009}
-------------------------------------------------------------------------------------------

To identify macaque transcripts which are potentially missing from the available reference genome assemblies, we *de novo* assembled the remaining un‐mapped mRNAseq reads using Trinity [11](#jmp12125-bib-0011){ref-type="ref"}. We then used BLAT [12](#jmp12125-bib-0012){ref-type="ref"} to align the assembled macaque transcript contigs (200 nt or longer) to both the human (hg19 in UCSC) and the corresponding macaque reference genome sequences to identify those macaque transcript contigs which were well aligned to the human genome but not to reference macaque genomes.

To determine if the identified macaque transcript contigs were indeed 'missing' from the macaque genome assemblies, we examined the alignment of rhesus genome (rheMac2) and human genome (hg19) assemblies provided by the UCSC genome browser (<http://genome.ucsc.edu>). Using UCSC nets and chains tools, we initially classified the hg19‐aligned contigs into three distinct categories that explain their absence from rheMac2: completely missing (the contig does not align to rheMac2 but the hg19 alignment spans the entire contig), partially missing (the contig does not align to rheMac2 but the hg19 alignment partially spans the contig), and no human--rhesus genome alignment (the contig aligns to a region in hg19 that has no available genome alignment with rheMac2). The contigs that did not fall into these previously described categories were further analyzed to see whether they were within repetitive regions, segmental duplications, or low‐complexity regions.

Total RNAseq *de novo* assembly and intergenic transcript identification {#jmp12125-sec-0010}
------------------------------------------------------------------------

We preprocessed the total RNAseq reads using an approach similar to that described for mRNAseq data. Due to the relatively smaller size of total RNAseq data, we used Trinity to *de novo* assemble the full set of cleaned total RNAseq reads without first mapping the reference genomes. We first placed the assembled macaque transcript contigs (120 nt or longer) onto the corresponding macaque reference genome sequences using GMAP [13](#jmp12125-bib-0013){ref-type="ref"} and grouped those uniquely aligned transcript contigs as independent transcriptionally active regions (TARs) if their genomic coordinates overlapped. We then removed any TARs if their genomic coordinates overlapped with either reference‐annotated transcripts or newly identified transcripts from mRNAseq data. Transcripts were further filtered out if: (i) the transcript had the total exonic length \<200 nt (with two or more exons) or \<120 nt (single exon, to cover putative snoRNAs or the like) or (ii) the length of the last or the first exon was \<100 nt.

Next we selected the subset of TARs which had higher expression abundances in total RNAseq data than the corresponding mRNAseq data. Because the sequencing depths were too different between two datasets, we used Picard (<http://picard.sourceforge.net>) to randomly sample 3--4 sets of 50 million reads from mRNAseq data and 3--4 sets of 50 million reads from total RNAseq. Next we used HTSeq (<http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html>) to obtain raw read counts for all TARs and reference‐annotated genes. We normalized the raw read counts by the corresponding total read count, that is, the sum of raw read counts of all genes/TARs. For each gene/TAR, we calculated a metric Rtm, which was defined as the ratio between the minimum of normalized total RNAseq read counts and the maximum of normalized mRNAseq read counts. We calculated the distributions of the Rtms for genes/TARs from different annotation sources. We chose a threshold for Rtm which showed the best separation between different annotation sources. We selected the subset of TARs which had much higher Rtms as un‐annotated intergenic transcripts derived from total RNAseq data, that is, they were assembled only from total RNAseq data and highly enriched in total RNAseq data.

Availability {#jmp12125-sec-0011}
------------

All of the transcripts identified from this study can be downloaded from the NHPRTR website (<http://nhprtr.org>).

Results {#jmp12125-sec-0012}
=======

Overview of macaque RNAseq data processing {#jmp12125-sec-0013}
------------------------------------------

In total, NHPRTR generated over 7.6 billion short sequence reads (3.5 billion 2 × 100 nt paired‐end reads and 681 million single‐end 100 nt reads) for the two macaque species studied here. This was accomplished by using complementary mRNAseq (mature polyadenylated mRNAs) and total RNAseq (rRNA depleted total RNAs) protocols [6](#jmp12125-bib-0006){ref-type="ref"}. Considering the large volume of the RNAseq dataset and the draft quality of available macaque genomes, we devised a streamlined analytic strategy to reconstruct macaque transcripts from the large‐scale macaque RNAseq data (Fig. [1](#jmp12125-fig-0001){ref-type="fig"}). Our strategy combined reference mapping with genetic variation aware steps and *de novo* transcript assembly. Also, mRNAseq data and total RNAseq data were processed independently and then contrasted to uncover non‐polyadenylated transcripts.

![Overview of the strategy for deriving macaque transcripts using species‐specific RNAseq data. Left, the workflow for mRNAseq data. Step 1, the raw sequencing reads were cleaned through preprocessing procedures. Step 2, the cleaned reads were mapped to the corresponding macaque reference genome assembly. To speed up the process, the fast mapper Bowtie was first used to quickly place un‐spliced reads onto the genome. Un‐mapped reads were then aligned using the gapped aligner GSNAP, which also allowed indels. Step 3, macaque transcripts were reconstructed with mapped reads *ab initio* using Cufflinks, independent of reference annotation. Step 4, newly constructed macaque transcripts were compared against available reference annotation. Step 5, in parallel to Step 3, after GSNAP in Step 2, all un‐mapped reads were *de novo* assembled into transcript contigs using Trinity. Step 6, contigs were aligned to both the human and macaque genomes to identify transcripts not covered by the corresponding macaque reference genome. Right, the workflow for total RNAseq data. Step 1, the raw sequencing reads were cleaned through preprocessing procedures. Step 2, the cleaned reads were directly *de novo* assembled into transcript contigs using Trinity. Step 3, contigs were aligned to the corresponding macaque reference genome and filtered against both reference‐annotated and mRNAseq‐derived transcripts to identify transcripts likely unique to total RNAseq data. Step 4, from these total RNAseq‐derived transcripts, a subset of total RNAseq‐enriched transcripts were selected by comparing the expression abundance measured by total RNAseq (cleaned total RNAseq reads were also aligned to reference genome separately) and mRNA seq. This subset of transcripts was considered as putative non‐polyadenylated transcripts.](JMP-43-317-g001){#jmp12125-fig-0001}

Systematic *ab initio* transcript reconstructions with mRNAseq data reveal thousands of novel isoforms and intergenic transcripts in both macaque genomes {#jmp12125-sec-0014}
---------------------------------------------------------------------------------------------------------------------------------------------------------

Based on mRNAseq reads aligned to reference macaque genome assemblies, we reconstructed macaque transcripts using the assembler Cufflinks separately for each macaque, independent of their reference genome annotations (Methods). To minimize potential contaminants of unspliced transcripts, we only kept spliced, that is, with at least one intron, transcripts. As shown in Table [1](#jmp12125-tbl-0001){ref-type="table"}, for rhesus macaque, we identified 59,116 novel isoforms for 13,344 annotated genes and 4783 intergenic transcriptionally active regions (TAR, due to the inability to define the actual gene start and end boundaries). For cynomolgus macaque, we identified relatively fewer novel isoforms for reference‐annotated genes but many more intergenic TARs. This was likely due to more genes annotated for rhesus plus the lower RNAseq coverage for the cynomolgus macaque genome (Table [1](#jmp12125-tbl-0001){ref-type="table"} in [6](#jmp12125-bib-0006){ref-type="ref"}). Figure [2](#jmp12125-fig-0002){ref-type="fig"} shows a few of examples of newly identified rhesus transcripts.

###### 

Summary of macaque annotations derived from RNA seq data

+--------------------------------------+-----------------------------------+----------+------------+
| Species                              | Annotation source                 | Gene/TAR | Transcript |
+======================================+===================================+==========+============+
| Indian rhesus macaque                | Reference annotation              | 30,246   | 44,725     |
+--------------------------------------+-----------------------------------+----------+------------+
| mRNAseq:                             | Novel isoforms of reference genes | 13,344   | 59,116     |
|                                      |                                   |          |            |
| Reference‐based assembly (Cufflinks) |                                   |          |            |
|                                      |                                   |          |            |
| Spliced (at least one intron)        |                                   |          |            |
+--------------------------------------+-----------------------------------+----------+------------+
| Intergenic                           | 4783                              | 10,010   |            |
+--------------------------------------+-----------------------------------+----------+------------+
| total RNAseq:                        | Intergenic                        | 2347     | 5561       |
|                                      |                                   |          |            |
| *De novo* assembly (Trinity)         |                                   |          |            |
+--------------------------------------+-----------------------------------+----------+------------+
| Mauritian cynomolgus macaque         | Reference annotation              | 16,656   | 27,062     |
+--------------------------------------+-----------------------------------+----------+------------+
| mRNAseq:                             | Novel isoforms of reference genes | 2234     | 9290       |
|                                      |                                   |          |            |
| Reference‐based assembly (Cufflinks) |                                   |          |            |
|                                      |                                   |          |            |
| Spliced (at least one intron)        |                                   |          |            |
+--------------------------------------+-----------------------------------+----------+------------+
| Intergenic                           | 7725                              | 18,502   |            |
+--------------------------------------+-----------------------------------+----------+------------+
| total RNAseq:                        | Intergenic                        | 2260     | 6143       |
|                                      |                                   |          |            |
| *De novo* assembly (Trinity)         |                                   |          |            |
+--------------------------------------+-----------------------------------+----------+------------+

TAR, Transcriptionally Active Regions.
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![UCSC genome browser view of example transcripts newly constructed from mRNAseq data for rhesus macaque. (**A**) An intergenic transcript on chromosome 10 (genomic position: chr10:17,704,891--17,706,826). From the top to the bottom, the tracks are as follows: (i) Ensembl annotation, (ii) rhesus transcripts constructed from mRNAseq data, (iii) read coverage of mRNAseq data (generated from 50 million randomly sampled reads), (iv) aligned rhesus mRNAs from Genbank, and (v) repeats by RepeatMasker. (**B**) An example of extended UTRs (indicated by green arrow) by novel isoforms, tracks are as follows: (A) The genomic location shown is chr8:12,902,941--12,925,847. (**C**) Another example of extended UTRs, tracks are as in (A) The genomic location shown is chr20:2454513--2466937.](JMP-43-317-g002){#jmp12125-fig-0002}

As shown in Fig. [3](#jmp12125-fig-0003){ref-type="fig"}A, all of these newly constructed transcripts for rhesus macaque are longer than 200 nt, and most of them tend to be longer than 1 kb, similarly for both novel isoforms for reference‐annotated genes and intergenic transcripts. But the coding potentials between novel isoforms and intergenic transcripts were very different (Fig. [3](#jmp12125-fig-0003){ref-type="fig"}B). About 90% of novel isoforms were predicted to be protein coding, while about 80% of intergenic transcripts were predicted to be non‐coding. Similar observations for cynomolgus macaque transcripts are shown in Fig. [3](#jmp12125-fig-0003){ref-type="fig"}C, D. This shows that most of these intergenic transcripts are likely to be long non‐coding RNAs. This also suggests that in general macaque protein‐coding genes were much better covered by the reference annotations, while the annotations of non‐coding RNAs were very insufficient and can be improved by leveraging RNAseq data as collected here.

![Characterization of newly identified macaque transcripts. (**A**) The length distribution of newly identified transcripts for rhesus macaque, separately for each category. Novel: novel isoforms for reference‐annotated genes. Intergenic mRNA, intergenic transcripts from mRNAseq data. Intergenic Total, intergenic transcripts from total RNAseq data. The x‐axis shows the individual bins for transcript length. The y‐axis is the number of transcripts within each bin (log~10~ scale), and the actual number of transcripts is labeled on top of each bar. (**B**) The percentages of coding vs. non‐coding transcripts based on coding potential prediction, separately for each category of newly identified transcripts. Transcripts from Intergenic Total were divided into two subcategories by the transcript length, shorter than 200 and 200 nt or longer. (**C**) As in panel A, for cynomolgus macaque. (**D**) As in panel B, for cynomolgus macaque.](JMP-43-317-g003){#jmp12125-fig-0003}

For reference‐annotated genes, these novel isoforms also often extended beyond the 3′ or 5′ end of the corresponding gene, ranging from a few bases to over 5 kb (Fig. [4](#jmp12125-fig-0004){ref-type="fig"}). In general, larger (\>1 kb) extensions tended to be located at 3′ ends, suggesting the preference was likely due to oligo‐dT priming of the 3′ end of mature mRNAs. As shown in Fig. [2](#jmp12125-fig-0002){ref-type="fig"}B, C, some of those extensions were also supported by expressed sequence tag (EST) sequences, demonstrating that incorporation of previously collected ESTs and species--specific transcription, such as the RNAseq data here, will greatly facilitate the annotation of full‐length macaque transcripts.

![Summary of the extension of the ends of annotated genes by newly predicted isoforms. (**A**) Summary for rhesus macaque. The number of bases extended was based on genomic positions. Annotated genes were binned based on the number of bases extended beyond the annotated gene start and end positions (x‐axis). The table below shows the total number of genes with 5′ or 3′ end extended and the percentage of the total number of genes with novel isoforms. (**B**) Summary for cynomolgus macaque, similarly as in (**A**).](JMP-43-317-g004){#jmp12125-fig-0004}

*De novo* assembly of un‐mapped RNAseq reads recovers thousands of transcripts, partially or completely, missing from current macaque genome assemblies {#jmp12125-sec-0015}
-------------------------------------------------------------------------------------------------------------------------------------------------------

On average, about 10% of cleaned mRNAseq reads were not aligned onto the macaque reference genome assemblies. We then investigated if these un‐mapped reads represent bone fide macaque transcripts which were not fully covered by the available reference genome assemblies. We *de novo* assembled these un‐mapped reads into transcript contigs and then aligned the assembled contigs to both the corresponding macaque genome assemblies and the human reference genome (Methods). In total, we obtained 51,408 contigs from rhesus and 21,931 contigs from cynomolgus mRNAseq data, all longer than 200 nt, which were well aligned to the human genome, but not to either macaque genome assembly, pointing to potential sequencing errors or gaps in current macaque assemblies.

We then examined the placement of these contigs on the alignment of the rhesus and human genome assemblies available from the UCSC genome browser. It turned out that 95% of these rhesus contigs were aligned to the alignment blocks where the rhesus genome assembly had gaps (Fig. [5](#jmp12125-fig-0005){ref-type="fig"}A). In reference to the human annotation, these contigs overlapped 2272 annotated human genes, 52 of which were completely covered by these contigs. As an example (Fig. [6](#jmp12125-fig-0006){ref-type="fig"}), the human gene CD1C was completely covered by multiple *de novo* assembled rhesus macaque contigs, representing potentially novel isoforms, while located within a gap in the rhesus genome assembly spanning the whole gene. Interestingly, these rhesus transcript contigs even extended beyond the annotation of the human CD1C gene, suggesting the UTR annotation of this human gene might not be complete either. Overall, for most of these human genes, these macaque contigs covered a relatively small portion (10--20%) of their exonic regions (Fig. [5](#jmp12125-fig-0005){ref-type="fig"}B), suggesting the current rhesus macaque assembly contained many, but mostly relatively small, gaps or errors. In summary, our results show the RNAseq data contain many macaque transcript sequences which are missing from current macaque genome assemblies, and we were able to successfully recover these macaque transcripts using the analytical strategies developed here.

![Characterization of rhesus macaque transcript contigs derived from mRNAseq reads un‐mapped to the rhesus genome assembly. (**A**) Classification of these macaque transcript contigs based on their placement on the rhesus--human genome alignments. The corresponding human genomic positions where the macaque contigs were aligned were classified as follows: (i) covered by a gap in rhesus genome assembly completely (completely within gaps in rhesus) or (ii) partially within gaps in rhesus. The remaining genomic locations were based on the overlap with human genome annotations: segmental duplication, repetitive regions, low‐complexity regions, others. In total, 51,408 *de novo* assembled rhesus transcript contigs were aligned to the human genome, but not to the rhesus genome assembly. (**B**) Distribution of the portions of annotated human genes covered by at least one of these rhesus transcript contigs. In total, these transcript contigs overlapped 2272 annotated human genes.](JMP-43-317-g005){#jmp12125-fig-0005}

![An example of rhesus genes missing from the current rhesus genome assembly visualized using the UCSC genome browser. CD1C is a CD1 family member, structurally related to the major histocompatibility complex proteins, and mediates the presentation of primarily lipid and glycolipid antigens of self‐ or microbial origin to T cells. From top to bottom, the tracks shown are as follows: (i) the alignment of *de novo* assembled macaque transcript contigs to the human genome, (ii) UCSC human gene annotation, (iii) Refseq human gene annotation, (iv) the alignment of human mRNAs to the human genome, and (v) the alignment of multiple genomes against the human genome. Horizontal lines in the alignment show the gaps in the alignments for the corresponding genome which exist in the rhesus macaque assembly.](JMP-43-317-g006){#jmp12125-fig-0006}

Thousands of macaque transcripts, mostly predicted to be non‐coding RNAs, were exclusively uncovered by sequencing total RNAs but not mRNAs {#jmp12125-sec-0016}
-------------------------------------------------------------------------------------------------------------------------------------------

As the mRNAseq data described above were designed to capture polyadenylated mature mRNAs through the use of oligo‐dT priming during library creation, we analyzed total RNAseq data collected on the total RNAs from the same samples to uncover non‐polyadenylated macaque transcripts. To do so, we first assembled macaque transcripts from the total RNAseq data independently and then applied an *in silico* subtraction strategy. The subtraction strategy included the following: (i) the removal of those total RNAseq‐derived transcripts overlapping any mRNAseq‐derived transcripts or reference‐annotated transcripts and (ii) the removal of those total RNAseq‐derived transcripts that did not show higher expression abundance as quantified by total RNAseq compared to mRNAseq.

In brief, to focus on transcripts enriched by total RNAseq analysis, we quantified the expression abundance of the remaining TARs separately using mRNAseq and total RNAseq data. For each gene or newly identified TAR, we calculated a ratio of the expression abundance measured by total RNAseq to that by mRNAseq (Rtm). As shown in Fig. [7](#jmp12125-fig-0007){ref-type="fig"}A, B, TARs derived from total RNAseq data alone were well separated from mRNAseq‐derived TARs based on the metric Rtm, for both rhesus and cynomolgus macaques. Total RNAseq‐derived TARs tended to have much higher Rtm, an indication that these TARs were transcribing non‐polyadenylated transcripts which were not adequately captured by mRNAseq. Two examples are shown in Fig. [7](#jmp12125-fig-0007){ref-type="fig"}C, D. As expected, mRNAseq‐derived TARs had similar distributions of Rtms as reference‐annotated genes, as current macaque reference annotations mostly cover protein‐coding genes, which mostly transcribe polyadenylated transcripts. In addition, the coding potential analysis also showed that these total RNAseq‐derived transcripts were predominantly non‐coding (Fig. [3](#jmp12125-fig-0003){ref-type="fig"}B, D). In summary, these results show that through RNAseq analysis of total RNAs, we were able to uncover thousands of TARs which were enriched with non‐polyadenylated non‐coding RNAs. This class of transcripts was not well covered by the conventional mRNAseq analysis, the most commonly used technique for transcriptome analysis.

![Characterization of total RNAseq‐derived intergenic transcripts. (**A**) The distribution of Rtm (log~2~ scale) for rhesus genes or TARs from different annotation sources. Reference: reference‐annotated genes (blue). Intergenic mRNA: Intergenic TARs derived from mRNAseq data (green). Intergenic Total: Intergenic TARs derived from total RNAseq data (orange). The dashed vertical line shows the local minimum between two peaks in the Rtm distribution of TARs derived from total RNAseq data. TARs with Rtms lying to the left of this line were removed from the final annotation. (**B**) Cynomolgus macaque, similar as in (**A**). (**C**) Browser view of an example of rhesus intergenic transcripts identified on chromosome 1 (genomic position: chr1:184,287,827--184,289,666) by total RNAseq. From top to bottom, the tracks shown are (i) total RNAseq‐derived transcripts, (ii) read coverage by mRNAseq data, and (iii) read coverage by total RNAseq data, and) repeats. (**D**) Another example of rhesus intergenic transcripts identified on chromosome 14 (genomic position: chr14:127,372,237--127,373,392) by total RNAseq, similar as in (**C**).](JMP-43-317-g007){#jmp12125-fig-0007}

A number of newly identified transcripts are related to the macaque host response to virus infection {#jmp12125-sec-0017}
----------------------------------------------------------------------------------------------------

To evaluate the biological relevance of newly identified transcripts, we investigated if their expression changed in the context of two separate virus infection studies. For a rhesus macaque study, we obtained an mRNAseq dataset derived from rectal samples obtained from rhesus macaques infected (by rectal inoculation) with simian immunodeficiency virus SIVmac (F. Barrenas, R.E. Palermo, B. Agricola, M.B. Agy, L. Aicher, V. Carter, L. Flanary, R.R. Green, R. McLain, Q. Li, W. Lu, R. Murnane, X. Peng, M.J. Thomas, J.M. Weiss, D.M. Anderson, M.G. Katze in preparation). We detected (one or more uniquely mapped reads in all 12 samples) the expressions of 2181 mRNAseq‐derived TARs. Out of these detected TARs, 245 were differentially expressed (fold change \>1.5 and raw *P*‐value \<0.05) between base line samples and samples from infected animals collected as early as day 3 and/or 6 post‐infection, and 135 of them had a false discovery rate \<0.05. An example of a differentially expressed rhesus macaque TAR is shown in Fig. [8](#jmp12125-fig-0008){ref-type="fig"}A. Similarly, from a cynomolgus macaque study, we obtained an mRNAseq dataset on peripheral blood mononuclear cell (PBMC) samples from animals infected with Ebola virus (F. Barrenas, R.E. Palermo, B. Agricola, M.B. Agy, L. Aicher, V. Carter, L. Flanary, R.R. Green, R. McLain, Q. Li, W. Lu, R. Murnane, X. Peng, M.J. Thomas, J.M. Weiss, D.M. Anderson, M.G. Katze, in preparation). Here we detected (one or more uniquely mapped reads in all 14 samples) the expression of 1175 TARs derived from the mRNAseq data. Out of the detected TARs, 824 were differentially expressed (fold change \>1.5 and raw *P*‐value \<0.05) between base line samples and samples from infected animals collected at day 4 and/or 7 post‐infection, and 714 of them had false discovery rate \<0.05. An example of a differentially expressed cynomolgus TAR is shown in Fig. [8](#jmp12125-fig-0008){ref-type="fig"}B. As illustrated by these two use cases, many of the newly identified macaque transcripts are likely to be biologically relevant as their expression changed significantly in response to virus infection.

![Example of newly identified macaque intergenic transcripts differentially expressed during virus infection. (**A**) Read coverage (vertical peaks) of one rhesus macaque intergenic TAR which was upregulated in rectal samples 3 days after SIV infection. (**B**) Read coverage of one cynomolgus macaque intergenic TAR which was upregulated in PBMC samples 7 days after Ebola virus infection.](JMP-43-317-g008){#jmp12125-fig-0008}

Discussion {#jmp12125-sec-0018}
==========

RNAseq is quickly becoming the dominant technology for transcript discovery [4](#jmp12125-bib-0004){ref-type="ref"}, [5](#jmp12125-bib-0005){ref-type="ref"}. Here we used large‐scale NHP RNAseq data [6](#jmp12125-bib-0006){ref-type="ref"} to systematically investigate transcriptional units present in the genomes of Indian‐origin rhesus and Mauritian‐origin cynomolgus macaques. We identified thousands of novel isoforms for reference‐annotated genes and thousands of un‐annotated intergenic transcripts for both macaque species. The finding of thousands of novel macaque transcripts is not surprising, as even for the well‐studied human genome, thousands of novel isoforms and intergenic transcripts were uncovered recently using RNAseq [5](#jmp12125-bib-0005){ref-type="ref"}. However, our results highlight the huge gaps that exist in our understanding of macaque biology.

The majority of intergenic transcripts that we found were predicted to be non‐coding RNAs, which is in agreement with similar studies [5](#jmp12125-bib-0005){ref-type="ref"}. This suggests that most macaque protein‐coding genes have been reliably identified by sequence homology‐based approaches, whereas non‐coding RNAs are less likely to be identified by such approaches due to their weaker sequence conservation [14](#jmp12125-bib-0014){ref-type="ref"}. The biological relevance of ncRNAs is rapidly emerging in many research areas, including in HIV/AIDS research. For example, our recent RNAseq studies have found the expression of many ncRNAs is related to virus infection, including mice infected by severe acute respiratory syndrome coronavirus (SARS‐CoV) [15](#jmp12125-bib-0015){ref-type="ref"} and human CD4^+^ T cells infected by HIV‐1 [16](#jmp12125-bib-0016){ref-type="ref"}. Zhang et al. [17](#jmp12125-bib-0017){ref-type="ref"} reported that the knockdown of the long ncRNA NEAT1 enhances HIV‐1 production by increasing the export of Rev‐dependent instability element‐containing HIV‐1 mRNAs from the nucleus to the cytoplasm. Here we also showed that many newly identified intergenic transcripts were differentially expressed during SIV infection of rhesus macaques or during Ebola virus infection of cynomolgus macaques. Not only do these results convincingly argue that many of novel transcripts identified in this study are biologically relevant but also that this collection of novel transcripts can serve as a resource for future macaque studies due to its more complete coverage.

By *de novo* assembly of un‐mapped RNAseq reads, we also identified many macaque transcripts which are missing from existing macaque genome assembles. Our analyses both locate the specific genomic regions which need to be revised and provide the exact sequences for filling those gaps or correcting the errors. We found that the majority of these missing macaque transcripts only partially cover homologous human genes, based on their placement on the macaque--human genome alignments. This suggests that the current rhesus macaque genome assembly has already covered most macaque genes, but likely with relatively small 'holes' for many genes, mainly due to its draft quality. As currently most sequenced genomes are of draft quality, there is a great need for systematic and continuous improvements of these genome assemblies. Here we demonstrated that many of these 'missing' fragments could be readily identified by *de novo* assembly of un‐mapped RNAseq reads. Because species‐specific RNAseq data are becoming more readily available, new computational strategies are needed to harness this sequence information to improve reference genome assemblies in parallel to individual studies.

In summary, we used ultra‐deep transcriptome sequencing data to systematically derive more complete genome annotations for the two macaque species most commonly used in research applications. The improved annotation added thousands of novel splicing isoforms to currently annotated genes and un‐annotated intergenic transcripts. The improved annotation provides significantly better coverage of macaque non‐coding RNAs, including both polyadenylated and non‐polyadenylated transcripts. These results also demonstrate that the ultra‐deep RNAseq data generated by the NHPRTR are extremely valuable for improving NHP genome annotation and potentially genome assembly.
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